Mode characteristics of a strongly confined square cavity suspended in air via a pedestal on the substrate are investigated by a three-dimensional finite-difference time-domain technique. The mode wavelengths and mode quality factors (Q factors) are calculated as the functions of the size of the pedestal and the slope angle of the sidewalls of the square slab, respectively. For the square slab with side length of 2 m, thickness of 0.2 m, and refractive index of 3.4, on a square pedestal with refractive index of 3.17, the Q factor of the whisperinggallery ( 
INTRODUCTION
The microcavities, such as the microdisk/microring, 1,2 triangle microcavity, 3 and square microcavity, 4, 5 have attracted great attention. The strong light confinement in transverse directions in all these microcavity structures are obtained from the large contrast of the refractive indices. To realize the strong confinement in the vertical direction, several techniques were proposed and tested by experiments, for example, a free-standing structure of a photonic crystal microcavity by wet selective etching, 6 a microdisk by wafer bonding, 7 and a microdisk with a pedestal. 8 Numerical simulation in a simplified twodimensional (2-D) model showed that the scattering of the pedestal was small for the microdisk with a small pedestal 9 because the distribution of the whisperinggallery (WG) mode was concentrated near the circumference of the microdisk.
Recently, we investigated the mode characteristics of a free-standing square microcavity by a three-dimensional (3-D) finite-difference time-domain (FDTD) method 10 and found that the vertical field distribution could not be described by the field distribution of the corresponding slab waveguide, 11 which is usually used to reduce a 3-D problem to a 2-D one under the effective index approximation. Furthermore, we fabricated the GaInAsP square microcavity with a pedestal by a wet chemical etching technique and measured the photoluminescence spectra of the fabricated devices. 12 Unlike a microdisk, the field distribution of WG-like modes in the square cavity does not concentrate around the boundaries. 5 So the effect of the pedestal at the center of the square cavity on the mode characteristics should be investigated in detail for the strongly confined square cavity.
In this paper, we investigate the effect of the size of the pedestal and the slope angle of the sidewalls on the mode characteristics of the square cavity by the 3-D FDTD method. The WG-like modes with weak-field distributions in the center of the cavity can still have high Q factors when the side length of the square pedestal is less than 0.4 m. The thresholdlike behaviors of mode wavelengths and Q factors are observed as functions of the size of the pedestal. The mode selectivity between the WG-like modes with different symmetry properties is observed in a square cavity with the pedestal at the size less than 0.6 m. In addition, the mode characteristics of WG-like modes in the square cavity with a rectangular pedestal are also discussed. The results show that the nonsquare pedestal largely degrades the WG-like modes.
MODEL AND METHODS
A square slab with the side length 2 m and the thickness 0.2 m supported by a pedestal is considered in the simulation, with the refractive indices of the square slab and the pedestal of 3.4 (GaInAsP) and 3.17 (InP), respectively. The schematic diagrams of the planform and side view of the whole structure are shown in Figs. 1(a) and 1(b). The pedestals with the sides parallel to the sides of the square cavity (type I) and the diagonals (type II) are considered in the simulation, which are shown in Fig. 1(a) by the shadow region and dashed lines, respectively. The type I and II pedestals can be obtained in the experiment by aligning the sides of the square cavity with ͗100͘ and ͗110͘ direction of the wafer material in photolithgraphy.
A simplified 2-D model based on the effective refractive index method was proposed to investigate the microdisk supported by a pedestal in Ref. 9 , in which the effective refractive index of region 1 is obtained from the mode refractive index of the fundamental mode in the three-layer waveguide of pedestal-slab-pedestal and that of region 2 is obtained from the three-layer waveguide of air-slabair. However, in our structure shown in Fig. 1(b) , the fundamental mode of the asymmetrical waveguide in the vertical direction of region 1 is cut off around = 1.55 m, which results in the invalidation of the 2-D model. In addition, for the strongly confined structure, the 2-D model underestimates Q factors compared with the results of 3-D FDTD. 11 So in this paper the 3-D FDTD technique is used to numerically simulate the mode characteristics of the square cavity with a pedestal. We focus on the transverse-electric (TE)-like mode, whose main electric field components are in the plane of the slab and are better confined in the thin slab waveguide than those of the transverse-magnetic (TM)-like mode. The electric field vectors of the resonant modes should have even or odd parity relative to the x = 0 and y = 0 mirror planes as shown in Fig. 1 . 5 As in Ref. 11 , by exploiting symmetry properties to the electric field vectors at the mirror planes x = 0 and y = 0 as the boundaries of the FDTD computation window, we use only a quarter of the square cavity in the x -y plane in our FDTD simulation, and we can treat modes with different symmetry properties separately. The perfectly matched layer (PML) absorbing boundary condition 10 is used as the other boundaries to terminate the FDTD computation window. The PML boundaries are set 0.4 m away from the microsquare resonator in the slab plane. In the vertical direction, we set the top PML absorbing boundaries 0.8 m away from the microsquare resonator and set the substrate to be 1 m below the slab to reduce the leakage of light. The spatial cell size is set to be 20 nm, and the time step is set to be the Courant limit. To excite various resonant modes, we add Gaussianmodulated cosine impulses
to the H z component at points inside the microsquare slab with low symmetries, where f 0 is the center frequency of the pulse. The field intensity spectra are calculated from the time transience of the H z component recorded at arbitrarily selected points inside the microsquare slab. By a Lorentzian fit of the peaks of the intensity spectra, we can obtain the mode frequencies and Q factors from the ratios of the central frequency f of the peaks to the corresponding 3 dB bandwidth ⌬f FWHM :
MODE CHARACTERISTICS IN THE SQUARE CAVITY WITH A SQUARE PEDESTAL
A. Square Cavity with Vertical Sidewalls A square slab with vertical sidewalls and supported by a square pedestal is simulated in this subsection. In Fig. 2 o , but the Q factor is 1 order of magnitude smaller than those of the WG-like modes. 5 The mode numbers denote the number of wave nodes in the two orthogonal sides of the square resonator, and o represents odd states relative to the diagonal mirror planes of the square.
From Fig. 2(a) , we can observe the thresholdlike behaviors of the mode wavelengths for both TE ͑3,5͒ Fig. 2(b) . The mode frequencies and Q factors decrease with the increase of the side length of the pedestal as the WG-like modes. However, the Q factors of TE ͑4,5͒ are 1 order of magnitude smaller than those of the WG-like modes. Both the thresholdlike behavior and the mode selectivity result from the superposition between the mode field distribution and the pedestal, which will be discussed in the following.
In Fig. 2(a) . The former has a Q factor larger and the latter has a Q factor smaller than that of the free-standing structure. The mode selection was presented in microdisk by increasing the loss of nonlasing modes 13 or the loss of modes with mismatched mode number.
14 Here we can also understand the mechanism of the mode selection and thresholdlike behavior from the field distribution. The field distributions of H z for TE ͑3,5͒ o in the middle cross section of the square slab, i.e., at the z = 0 plane, with type I and II pedestals, and a free-standing square cavity are shown in Figs. 3(a)-3(c o in the center of the square slab. In contrast, the Q factor increases to the maximum at b = 0.3 m, which is an abnormal phenomenon and may be used to realize the mode selectivity between WG-like modes in a square cavity.
B. Square Cavity with Slope Sidewalls
In this subsection, we analyze the effect of the slope sidewalls on the mode characteristics. The schematic diagram of the structure is shown by the dashed lines in Fig. 1(b) . The side length of the pedestal is set to be 0.3 m in the simulation.
In Fig. 4 Fig. 4(a) , which is almost the same for type I and II pedestals. The Q factor of the non-WG-like mode is still 1 order of magnitude smaller than those of WG-like modes. From the results, we can see that the slope sidewalls largely degrade the Q factors of the resonant modes. When = 70°, the magnitude of the Q factors decreases to only a quarter of that at vertical sidewalls, and the variation of the mode wavelengths reaches 2.3%. To realize the continuous lasing at room temperature, the inductively coupled plasma etching is used instead of electron cyclotron resonance etching, and great improvement was obtained from the vertical sidewalls in the microdisk. 8 The field distribution of H z of TE ͑3,5͒ o in the x = −0.22 m plane of the square cavity with oblique sidewalls is shown in the inset of Fig. 4(a) at the slope angle of 75°. The solid line describes the cavity and the pedestal at this plane. The field intensity at the region of the pedestal is small and confined in the slab as that shown in Fig. 3. 
MODE CHARACTERISTICS IN THE SQUARE CAVITY WITH A RECTANGULAR PEDESTAL
In the fabrication of the square cavity with a pedestal, the pedestal is formed by wet etching, which may cause deformation of the pedestal and affect the mode characteristics. As discussed in Ref. 12 , the observed mode interval is in agreement with that determined by the cavity length instead of the WG-like modes corresponding to the difference of the longitudinal mode numbers of 2. A little asymmetry in the square resonator will reduce the difference of the Q factors between the WG-like modes and the other fundamental modes, as studied in the 2-D case. 12 In this section, we discuss the effect of rectangular deformation of the pedestal on the mode Q factors in a 3-D model.
The Q factors of TE ͑3,5͒
, and TE ͑4,5͒ in a square cavity with a type I rectangular pedestal are shown in Table 1 Table 1 , for a 800 nm by 880 nm pedestal, the Q factors of TE ͑3,5͒ o decrease approximately by 50% from that corresponding to a square pedestal of the same area with side length of 840 nm [shown in Fig. 2(a) ]. The results show that the rectangular pedestal can reduce the Q factors of the WG-like modes and the preference of the WG-like modes to the other modes. The deformations of the square cavity and the pedestal break the symmetry properties along diagonals of the square, which is the base of the high-Q WG-like modes. However, the effect of the rectangular pedestal on the Q factors is less sensitive than that of the deformation of the square resonator, which is discussed in the 2-D case in Ref. 12 . Same as the square slab with a square pedestal, the mode selection between TE ͑3,5͒ o and TE ͑4,6͒ o is shown in Table 1 . The results indicate that the pedestal can also be used to further select the WG-like modes.
CONCLUSION
The mode characteristics of a strongly confined square cavity suspended in air via a pedestal on the substrate are investigated by a 3-D FDTD technique. The thresh- oldlike behaviors of mode wavelengths and Q factors are observed as functions of the size of the pedestal. When the side length of the pedestal is larger than 0.4 m, the pedestal superposes the main field intensity region. So the scattering loss increases quickly, and the Q factors drop down greatly. The overlap of the pedestal and the field distribution of different modes can result in mode selectivity in the WG-like modes. The mode Q factor of TE ͑3,5͒ o increases 20% as the side length of the pedestal increases from zero to 0.3 m, but the Q factor of TE ͑4,6͒ o decreases about 20%. In addition, we find that the slope sidewalls largely degrade the Q factors of the resonant modes. The Q factors decrease to a half and a quarter of that of the square resonator with vertical sidewalls at the slope angles of 80°and 70°, respectively. The mode characteristics of WG-like modes in the square cavity with a rectangular pedestal are also discussed. The results show that the nonsquare pedestal largely degrades the WG-like modes.
